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The complex geographical environment in China makes its gravity signals miscellaneous.
This work gives a comprehensive representation and explanation in secular trend of
gravity change in different regions, the key features of which include positive trend in
inner Tibet Plateau and South China and negative trend in North China plain and high
mountain Asia (HMA). We also present the patterns of amplitudes and phases of annual
and semiannual change. The mechanism underlying the semiannual period is explicitly
discussed. The displacement in three directions expressed in terms of geo-potential
spherical coefficients and load Love numbers are given. A case study applied with these
equations is presented. The results show that Global Positioning System (GPS) observations
can be used to compare with Gravity Recovery and Climate Experiment (GRACE) derived
displacement and the vertical direction has a signal-noise-ratio of about one order of
magnitude larger than the horizontal directions.
© 2015, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
China locates in a complex geographical environment,
gradually transiting from the eastern plains to the western
highlands, making the topography a distribution of three
steps. Tibet Plateau (TP) located in Western China, which is
known as the ‘world third pole’, is still one of the world's most
active regions in geology and climate. On the TP, there
distribute glaciers, permafrost, lakes and they are all subject
to dramatic change: glaciers and permafrost are recently(Yi S.).
ute of Seismology, China
er on behalf of KeAi
na Earthquake Administr
ss article under the CC BYreported retreating rapidly [1], and the lake water level inside
the plateau was observed on the rise [2]. In Eastern China,
there are seven major river systems, including the world's
third and fifth longest river, the Yangtze River and the
Yellow River respectively. North China plain (NCP)
groundwater loss also can be observed through satellite
gravity [3].
The Gravity Recovery and Climate Experiment (GRACE)
data have been widely used in the detection of geophysical
signals, which mostly come from the cycle of water system,
ranging from up to atmosphere and down to ground water.Earthquake Administration.
ation, etc. Production and hosting by Elsevier B.V. on behalf of KeAi
-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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comes from, it must be careful to separate them, especially for
regions with complex geographical environment like China.
GRACE can detect geophysical phenomena include change in
water reserves, glaciers and possibly the tectonic process in
the TP [1]. There has been secular trend map in China, based
on GRACE and ground-based gravity measurements [4,5]. But
this earlier result did not explicitly discriminate the key
features well. In recent years, with the increase in the
precision and time range of GRACE data, we get a better
understanding of the mass change patterns in China.
Scholars have used it to study the changes in glaciers [1,6],
in terrestrial water storage [7], in NCP groundwater [3], in
inner Tibet Plateau (ITP) [1,2] and in the Yangtze River water
reserves [8,9]. Most of the works have been validated by situ
or other means of observations.2. Secular trend in China region
The ground water depletion in North India is so serious
that these signals even leak into part of Tibet. Because in this
topic we only concentrate on the characteristics in China re-
gion, this interference should be excluded. To separate the
negative signals from India ground water and high mountain
Asia (HMA) glaciers, we use an iterative method to separate
the signals belonging to North India. The secular trend of
equal water height (EWH) change after the extraction of In-
dian signals is shown in Fig. 1 and the extracted India water
signal is plotted in the inner graph. The (GRACE RL05 model
from 2003 to 2013 solved by the University of Texas at
Austin, Center for Space Research (UT-CSR) is used. In this
study, the decorrelation filter P4M6 [10] and the 300 km
Gauss smoothing filter [11] are adopted.
The India water signal is separated by these steps: first, the
grids covering the North India is chosen and assigned with a
tried negative mass; second, the tried mass is expanded into
spherical harmonics and then applied with the same smooth
techniques described above, and we can get an smoothed
observation from the tried mass; third, the tried mass isFig. 1 e Secular trend of EWH in China region. The signals
from India water are extracted and plotted in the inner
graph. Bold curves are contours of topography (2000 m and
4000 m).adjusted iteratively until we make its signal close to GRACE
observation in this area. As a result,we get a realmass inNorth
India, rather than a smoothed one, and themass is subtracted
in the GRACE observations to get our final trend map.
We can find such dominant characteristics: the negative
signals from melt of glaciers in Tianshan and periphery of TP
(including Pamir, Himalaya and Nyenchen TanglhaMountain)
and from ground water depletion in NCP; The positive signals
covermost of inner Tibet and extend out across Sichuan Basin
into South China.
The water crisis in NCP is an imbalance between demand
and supply. In China there are 20% of the world's population
that are dependent on 5e7% of global freshwater resources
[12]. Therefore, many regions in China are facing issues of
overexploitation of groundwater, which further triggers the
issue of ground subsidence [13]. NCP is one of the largest
irrigation areas in the world and is subjected to intensive
groundwater-based irrigation. Based on the GRACE derived
terrestrial water storage and simulated soil moisture
estimates, the groundwater depletion rate in North China
was 8.3 ± 1.1 km3/a from 2003 to 2010 [3].
Our latestwork showed that the glaciers inHMAaremelting
at a rate of35.0± 5.8Gt/a and the Indianundergroundwater is
being lost at a rate of 30.6 ± 5.0 Gt/a. Global warming has
accelerated the melting rate of glaciers in HMA. In Fig. 1 it is
clearly illustrated that the glaciers in Tianshan Mountain and
Nyenchen Tanglha Mountain are suffering from the most
severe retreating magnitude. Along the Himalaya there are
negative signals, implying an overall reduction in glacier
capacity. Contrary to this mass loss, in the ITP, we got a
larger positive signal (30 Gt/a) and declared the difficulty in
explaining it under current knowledge because several
factors are still unclear in the ITP. The positive signal may
come from water storage increase (including lakes,
permafrost and groundwater) and inflow of crust.
The variance of water storage in Yangtze River has been
reported strong correlated with El Ni~noeSouthern Oscillation
(ENSO), with a phase lag of 7e8 months [9]. But the long trend
in South China is less discussed.We declare a positive trend in
South China. It is likely a result of increase in precipitation and
the Three Gorges Dam has blocked a certain volume of water
in the midstream of the Yangtze River since 2003. In fact,
possibly linked with global warming, ever since 1901,
averaged precipitation has increased over the mid-latitude
land areas of the Northern Hemisphere [14].3. Periods
We stack the observations by month to get the yearly
variance. The monthly EWH results are fitted by a function of
one long trend with three periods:
fðtÞ ¼ atþ bþ
X
i
Ai cos

2p
Ti
ðt 4iÞ

(1)
here, T1 ¼ 1 for annual period, T2 ¼ 0:5 for semiannual period
and T3 ¼ 5 for 5-year period. Ai and 4i are their corresponding
amplitude and phase.
The results of amplitudes and phases are plotted in Fig. 2.
The annual variance of mass concentrates in south of TP,
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from the India Ocean and brings here one of the most
intense precipitation in the world. We can also find some
peaks in Pamir and South China.
The semiannual period is also plotted here. The driving
force of annual change is the alteration of seasons, one warm
and one cold in a year. It is hard to understand which brings
the semiannual change. In fact, it is not real but only a result
of mathematical decomposition, i.e., if the yearly signal is not
a perfect sine or cosine curve, we will inevitably get a semi-
annual component.
The semiannual component is weaker than the annual
component in amplitude so it only put a modification on the
shape of annual change. Based on the relations between
phases of annual of semiannual change, we divide them into
four groups, which are demonstrated in Fig. 3:
1. The peaks of annual and semiannual change are coinci-
dent. So the maximum of the seasonal variation is
strengthened (a larger peak value but a shorter peak
period) and the minimum weakened. This is the change
pattern of point-c in Fig. 3. This happens when the
precipitation concentrates only in a few months.Fig. 2 e Amplitude and phase of annual and semiannual EWH
month. Point aed are specified samples with their yearly series2. The minima of annual and semiannual change are coin-
cident. So the maximum of the seasonal variation is
weakened (a smaller peak value but a longer peak period)
and theminimumstrengthened. This is the change pattern
of point-a. This happens when the precipitation is mod-
erate and lasts for a long time.
3. The peak of annual change is a little ahead of the peak of
semiannual change. So the mass accumulates smoothly
but loss rapidly. This is the change pattern of point-d.
4. The peak of annual change is a little delayed of the peak of
semiannual change. So the mass accumulates rapidly but
loss smoothly. This is the change pattern of point-b.
Theannualphasecantell thatseveralclimate factors control
the water storage in China. India is apparently completely
controlled by the Indiamonsoon. Fromwestwe can clearly find
a boundary, starting along 32 E, then south and west border of
Pamir and ending in Tianshan. This marks the dividing line
between westerlies-impacting zone and monsoon-impacting
zone, across which the peak month changes from April to
September very sharply. In TP there is plateau mountain
climate, with an earlier peak month in the East Himalaya,
implyingauniquechangingcharacteristicofmountainglaciers.change. In the phase subgraphs, contours are in unit of
plotted in Fig. 3.
Fig. 3 e Annual change of EWH in specified points, the
location of which is annotated in Fig. 2.
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on the eastern half of China, making the South China humid
subtropical monsoon climate with an earliest peak month in
May and Northeast China temperate monsoon climate with a
gradually delayed peakmonth from northeast to southwest.
We proposed a 5-year period in the Pamir glacier, likely to
be caused by Indianmonsoons in a earlier study [1]. This large
interannual variance can bias us in determining the secular
change, especially when the observations are limited in
time. A case study of Pamir glacier is discussed in that
study. We extend the research range in Fig. 4 and find this 5-
year period also exists in many other places. It is interesting
that these places surround China and no significant signals
of 5-year period can be found within the scope of China.4. Surface loadings
The terrestrial water storage puts a seasonal surface load
on the Earth. So the ground will have a corresponding time-Fig. 4 e Amplitude of 5-year period in China.varying deformation in different seasons, which is detectable
by Global Positioning System (GPS). As a result, the compari-
son of GRACE and GPS has been studied by many groups.
Liao [15] compared the GRACE-derived seasonal vertical
deformation with 42 GPS stations in China and found a
consistency in both amplitude and phase in most stations.
GRACE measurements can also be used to remove the hy-
drological effect in GPS measurements, especially when the
GPS observations are limited, mostly once per year, in which
case seasonal variations for campaign GPS measurements
cannot be well constrained [16]. Fu [16] compared the GPS and
GRACEmeasurements in Nepal Himalaya and found that after
subtracting GRACE-derived vertical displacement from the
GPS observed time, the average weighted root mean squares
(WRMS) is approximate 45% deduced. Sheng [17] studied 13
continuous GPS stations in Western Yunnan Province,
China. They adopted GRACE data to extract the land water
deformation in GPS observations and found a 67% decrease
in the GPS error.5. Principle
With load Love numbers and geo-potential spherical co-
efficients, we can calculate the displacement in the directions
of height (Dh), east (De) and north (Dn) due to the mass load.
The equations are derived from Kusche [18].
Dhðq;fÞ ¼ a
X∞
l¼1
Xl
m¼0
~Plmðcos qÞ

Cglm cosmfþ Sglm sinmf
 h0l
1þ k0l

(2)
Deðq;fÞ¼ a
sinq
X∞
l¼1
Xl
m¼0
m~PlmðcosqÞ
Cglm sinmfþSglm cosmf


l0l
1þk0l

(3)
Dnðq;fÞ¼a
X∞
l¼1
Xl
m¼0
v
vq
~Plmðcos qÞ

Cglm cosmfþSglm sinmf



l0l
1þk0l

(4)
where ~Plm is Normalized associated Legendre polynomials
(NALP). a is the radius of the Earth. Cglm and S
g
lm are geo-po-
tential coefficients. k0 l, h0 l and l0 l are load Love numbers. q and f
are colatitude and longitude, respectively. v
vq
~Plmðcos qÞ is first
partial derivatives (FPD) of NALP.
We can solve NALP by the recurrence formula, which can
be found in many literatures and we do not bother to repeat
this part. Since the FPD is less familiar, its solution method is
given here. It can be solved by following equations, once we
get the values of NALP:
v
vq
~P
n
nðxÞ ¼ n cot q~P
n
nðcos qÞ (5)
v
vq
~P
m
n ðcos qÞ ¼ 
1
sin q
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðnmÞðnþmÞð2nþ 1Þ
ð2n 1Þ
s
~P
m
n1ðcos qÞ
þ n cot q~Pmn ðcos qÞ (6)
Load Love numbers are provided in Farrell [19]. The
computation is based on the center of mass of solid earth
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adopt a different value in degree 1: l01 ¼ 0:134, h01 ¼ 0:269.
The CF frame consists with an ideal no-net translation
projected along any axis [18].6. Results
The GPS and leveling can give the displacement in these
three directions [20]. So it is easy to compare these resultswith
GRACE based on the equations we have got. A demonstration
case is presented here to show the results of the equations
above. The mass variance in June and its loading effect are
shown in Fig. 5.
In Fig. 5, the EWH with a value of 20 cm can cause a height
displacement in a value of 8 mm. Their patterns are quite
similar, but in the opposite sign. This is because a mass
excess will result in a ground subsidence and vice versa. The
horizontal movement has quite a different pattern. But it isFig. 5 e Equal water height (in cm) in June and its loading effect
scale.still not hard to understand. Taken displacement in North
India as an example, in June there is a mass deficit in this
place. The compressed ground (in heavier load seasons) will
expand when the load is off, not only result in an uplift in
the height, but also a horizontal extension. That means the
northern part will go further north (positive) and eastern
part will go further east (positive). This explains why we get
a positive sign in the north and east, but a negative sign in
the south and west.
The horizontal movement is much smaller than vertical
movement. Taken the equipment precision into consider-
ation, the seasonal variation in horizontal direction is rela-
tively harder to discern, compared with the distinct seasonal
variance in vertical direction. There has been about 2000 GPS
stations giving horizontal crustal deformation in China
mainland [21] and these data can give an overall and detailed
comparison with GRACE. However the secular trend need
observations in a longer time range. In fact, the secular trend
of movement may be mostly caused by tectonic process,(in mm). Note the difference in the unit and range of color
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likely in southwest China. As a result, the trends of GRACE and
GPS measurements reflect different mechanisms.7. Conclusions
In this paper, we discuss the general mass trend pattern in
China region. There are two positive (in ITP and South China)
and two negative signals (in HMA and NCP). Also we give the
amplitude and phase patterns of annual and semiannual pe-
riods and amplitude of 5-year period. The amplitude patterns
of mass have a strong relationship with the distribution of
precipitation. The explanation of semiannual period is given
and the underlying phenomena between the phase of annual
and semiannual signals are presented.
In the end, we have derived the equations involving load
Love numbers to calculate the displacement in three di-
rections caused by surface load. A case is given. We discuss
the mechanism of how the patterns form. We conclude that
load can cause seasonal vertical displacement nearly 10 mm
and is easy to discern, but the seasonal horizontal displace-
ment is harder to discriminate, with a value of about 1 mm,
almost at the same level as secular trend.
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